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NANOP ARTICLE ION DETECTION 

Cross-Reference to Related Applications 

[01] This application claims the benefit of U.S. Provisional Application No. 
60/493,284 filed August 7, 2003, the contents of which are herein incorporated by 
reference. 

Background 

[02] This description relates to nanoparticle ion detection. 

[03] Mass spectrometers can be used to determine the identities and quantities of 
components that make up a solid, gas, or liquid sample. A mass spectrometer may use 
the mass (m) to charge (z) ratios of ions to separate and analyze the ions. The ion charge 
represents the number of electric charges of the ion The ion mass may be expressed in 
atomic mass units or Daltons (Da). One type of mass spectrometer is the quadrupole ion 
trap mass spectrometer (QITMS), which can be used to analyze the masses of atomic, 
molecular, and cluster ions. A QITMS typically has a ring electrode and two end-cap 
electrodes. In operation, a time-varying voltage is applied between the ring electrode and 
the end-cap electrodes to create a time-varying electromagnetic field to confine the ions 
within a confinement region (a trap). By varying the frequency and/or amplitude of the 
time- varying voltage, the ions are selectively ejected from the ion trap based on their 
charge-to-mass ratios. To detect the ions that are ejected from the ion trap, a laser beam 
is directed towards the ions, and a photodetector detects light reflected from the ions. 

Summary 

[04] In general, in one aspect, the invention features a method that includes ejecting 
charged particles from a mass selection device, receiving the charged particles at an ion 
trap, illuminating the charged particles received at the ion trap to induce fluorescence, 
and detecting the fluorescence. 
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[05] This and other aspects of the invention may include one or more of the following 
features. 

[06] The charged particles are ejected from the ion trap at selected time periods. 

[07] The charged particles are selectively ejected from the mass selection device based 
on their mass-to-charge ratios. 

[08] The mass selection device includes an ion trap. A first time-varying signal is 
applied to the ion trap of the mass selection device, and the frequency of the first time- 
varying signal is swept from a first frequency to a second frequency to cause particles 
having different mass-to-charge ratios to be ejected from the mass selection device at 
different frequencies of the first time-varying signal. The frequency of the first time- 
varying signal is scanned according to a non-linear function of time so that the mass-to- 
charge ratios of the particles ejected from the ion trap includes a linear function of time. 
A second time-varying signal is applied to the ion trap that receives the charged particles 
ejected from the mass selection device, and the frequency of the second time-varying 
signal is swept based on the sweeping of the frequency of the first time-varying signal. 

[09] A mass spectrum is generated by correlating the amount of fluorescence that is 
detected with characteristics of the mass selection device. 

[010] The characteristics of the mass selection device include a relationship between 
mass-to-charge ratios of particles ejected from the mass selection device and a time- 
varying control signal applied to the mass selection device. 

[011] A time-varying signal is applied to the ion trap that received the particles 
ejected from the mass selection device to generate a time- varying electromagnetic field to 
keep the charged particles within the ion trap. 

[012] The time-varying signal is turned off at selected time periods to remove 
substantially all of the particles from the ion trap. 

[013] A direct-current voltage signal is applied to the ion trap at selected time periods 
to induce an electromagnetic field that facilitates removal of the particles from the ion 
trap. 
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[014] Detecting the fluorescence includes counting photons emitted from the particles. 

[015] A laser is directed to a sample to ionize and supply the particles to the mass 
selection device. 

[016] Electrospray ionization generates the charged particles and supplies the charged 
particles to the mass selection device. 

[017] Photo-ionization generates the charged particles and supplies the charged 
particles to the mass selection device. 

[018] Illuminating the charged particles includes directing a laser beam towards the 
charged particles, the laser beam having a wavelength selected to induce fluorescence 
from the charged particles. 

[019] The charged particles are tagged with fluorescent dye molecules. 

[020] The charged particles are tagged with more than one type of fluorescent dye 
molecules that emit fluorescence having different wavelengths. 

[021] The charged particles received at the second ion trap are illuminated by a light 
beam with components having different wavelengths that are selected to induce 
fluorescence having different wavelengths from the different types of fluorescent dye 
molecules. 

[022] A mass spectrum is generated for each group of particles tagged with a 
particular type of fluorescent dye molecules. 

[023] In general, in another aspect, the invention features a method that includes 
receiving charged particles at an ion trap, the charged particle traveling at a speed greater 
than 1 meter per second prior to being received by the ion trap, applying a trap driving 
signal to the ion trap to generate an electromagnetic field in the ion trap to cause the 
charged particles to be trapped within the ion trap, illuminating the charged particles 
received at the ion trap to induce fluorescence, and detecting the fluorescence emitted 
from the charged particles. 
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[024] This and other aspects of the invention may include one or more of the 
following features. The charged particles are selectively ejected from a mass selection 
device based on mass-to-charge ratios of the charged particles, at least a portion of the 
particles ejected from the mass selection device being received by the ion trap. 

[025] In general, in another aspect, the invention features a method that includes 
applying a first time-varying voltage signal to a first ion trap that has charged particles, 
scanning a frequency of the first time- varying voltage signal from a first frequency to a 
second frequency to selectively eject the charged particles, applying a second time- 
varying voltage signal to a second ion trap that receives the charged particles ejected 
from the first ion trap, and scanning a frequency of the second time-varying voltage 
signal according to a predefined relationship to the frequency of the first time-varying 
voltage signal to tend to keep the charged particles received by the second ion trap in the 
second ion trap. 

[026] This and other aspects of the invention may include one or more of the 
following features. 

[027] The frequency of the second time-varying voltage signal is scanned so as to 
maintain a trap parameter (q z ) of the second ion trap substantially constant with respect to 
the particles received by the second ion trap. 

[028] The trap parameter q z is proportional to the amplitude of the second time- 
varying voltage signal and inversely proportional to the square of the frequency of the 
second time-varying voltage signal. 

[029] In general, in another aspect, the invention features a method that includes 
receiving charged particles at an ion trap, generate a time-varying electromagnetic field 
in the ion trap, and scanning a frequency of the time-varying electromagnetic field to tend 
to keep the charged particles in the ion trap. 

[030] This and other aspects of the invention may include one or more of the 
following features. 
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[031] The charged particles have velocities that vary according to a predetermined 
function of time. 

[032] The scanning of the frequency of the time- varying electromagnetic field is 
based on the predetermined function of time. 

[033] In general, in another aspect, the invention features a method that includes 
selectively ejecting ions out of a mass selection device based on mass-to-charge ratios of 
the ions, using an ion trap to collect the ions ejected from the mass selection device, 
detecting light emitted from the ions in the ion trap to generate a detection signal, and 
correlating the detection signal with characteristics of the mass selection device to 
determine a mass spectrum on the ions in the ion trap. 

[034] This and other aspects of the invention may include one or more of the 
following features. 

[035] A laser is directed towards ions in the ion trap to induce fluorescence, and 
detecting light emitted from the ions includes detecting the fluorescence emitted from the 
ions. 

[036] In general, in another aspect, the invention features a method that includes using 
an ion trap to reduce speeds of charged particles selectively ejected from a mass selection 
device, and detecting fluorescence induced by a laser and emitted from the charged 
particles. 

[037] This and other aspects of the invention may include one or more of the 
following features. 

[038] The ions are either inherently fluorescent or are tagged with molecules that are 
fluorescent. 

[039] The mass selection device includes another ion trap. 

[040] The charged particles are selectively dumped from the ion trap. 
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[041] Dumping of the charged particles from the ion trap is selected so that the 
fluorescence that is detected between two dumps represents an amount of charged 
particles having mass-to-charge ratios with a particular range. 

[042] In general, in another aspect, the invention features a method that includes 
receiving charged particles at an ion trap, applying a time-varying voltage signal to the 
ion trap to create a time- varying electromagnetic field in the ion trap, and selectively 
applying a direct-current voltage signal to the ion trap to cause the charged particles to be 
ejected from the ion trap. 

[043] This and other aspects of the invention may include one or more of the 
following features. 

[044] The polarity of the direct-current voltage depends on the polarity of the charges 
of the charged particles. 

[045] The time- varying voltage signal is selectively turned off when the direct-current 
voltage signal is applied to the ion trap. 

[046] In general, in another aspect, the invention features an apparatus that includes a 
mass selection device that selectively ejects charged particles, an ion trap to receive the 
charged particles ejected from the mass selection device, a light source to generate light 
to illuminate the charged particles in the ion trap to induce fluorescence, and a detector to 
detect the fluorescence. 

[047] This and other aspects of the invention may include one or more of the 
following features. 

[048] The ion trap includes a ring electrode, a first end-cap electrode, and a second 
end-cap electrode, the charged particles entering the ion trap through a hole in the first 
end-cap electrode and exiting the ion trap through a hole in the second end-cap electrode. 

[049] A signal generator generates a time-varying voltage signal, which when applied 
to the ion trap, generates a time-varying electromagnetic field in the ion trap to cause the 
particles ejected from the mass selection device to be trapped in the ion trap. 
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[050] The detector includes a photomultiplier tube. 

[051] The charged particles are fluorescent or tagged with fluorescent dye molecules. 

[052] A laser source generates a laser beam that is directed towards the particles in the 
ion trap. 

[053] A signal generator generates a time-varying signal that is applied to the mass 
selection device, the signal generator scanning a frequency of the time-varying voltage 
signal from a first frequency to a second frequency during a measurement cycle to cause 
particles to be selectively ejected from the mass selection device based on mass-to-charge 
ratios of the particles. The signal generator scans the frequency of the time-varying 
voltage signal so that the frequency changes according to a non-linear function of time 
designed so that the particles ejected out of the ion trap during the measurement cycle 
have mass-to-charge ratios that vary as a linear function of time. 

[054] In general, in another aspect, the invention features an apparatus that includes 
an ion trap to receive charged particles selectively ejected out of a mass selection device 
based on mass-to-charge ratios of the particles, and a photodetector to detect light emitted 
from the particles in the ion trap. 

[055] This and other aspects of the invention may include one or more of the 
following features. 

[056] A laser generator generates a laser beam that is directed at the charged particles 
in the ion trap to induce fluorescence. 

[057] A circuit generates a control voltage that is applied to the ion trap to cause the 
ion trap to eject particles at selected times, the ejections of particles spaced apart for at 
least a specified time period to allow the photodetector to detect the light from the 
particles. 

[058] The laser generator generates a laser beam having a wavelength selected to 
induce fluorescence from the charged particles. 
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[059] In general, in another aspect, the invention features an apparatus that includes 
an ion trap to receive charged particles traveling at a speed greater than 1 meter per 
. second prior to being received by the ion trap, a signal generator to generate a trap 
driving signal that is applied to the ion trap to generate an electromagnetic field in the ion 
trap to cause the charged particles to be trapped within the ion trap, a laser generator to 
generate a laser beam to illuminate the charged particles received at the ion trap to induce 
fluorescence, and a detector to detect the fluorescence emitted from the charged particles. 

[060] This and other aspects of the invention may include one or more of the 
following features. 

[061] A mass selection device selectively ejects the charged particles based on mass- 
to-charge ratios of the charged particles, at least a portion of the particles ejected from the 
mass selection device being received by the ion trap. 

[062] In general, in another aspect, the invention features an apparatus that includes a 
first signal generator to generate a first time-varying voltage signal that is applied to a 
first ion trap having charged particles, the first signal generator scanning a frequency of 
the first time-varying voltage signal from a first frequency to a second frequency to 
selectively eject the charged particles from the first ion trap. A second signal generator 
generates a second time-varying voltage signal that is applied to a second ion trap that 
receives the charged particles ejected from the first ion trap, the second signal generator 
scanning a frequency of the second time-varying voltage signal according to a predefined 
relationship to the frequency of the first time-varying voltage signal to tend to keep the 
charged particles received by the second ion trap in the second ion trap. 

[063] This and other aspects of the invention may include one or more of the 
following features. 

[064] A third signal generator generates a third voltage signal that is selectively 
applied to the second ion trap to cause the charged particles in the second ion trap to be 
ejected from the second ion trap. 

[065] The third voltage signal includes a direct-current voltage signal. 
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[066] The second signal generator scans the frequency of the second time-varying 
voltage signal so as to maintain a trap parameter (q z ) of the second ion trap substantially 
constant with respect to the particles received by the second ion trap. 

[067] The trap parameter q z is proportional to the amplitude of the second time- 
varying voltage signal and inversely proportional to the square of the frequency of the 
second time-varying voltage signal. 

[068] In general, in another aspect, the invention features an apparatus that includes 
an ion trap to receive charged particles traveling at different velocities at different time 
periods, and a signal generator to generate a time- varying control signal that is applied to 
the ion trap to generate a time-varying electromagnetic field in the ion trap, the signal 
generator scanning a frequency of the time-varying control signal to tend to keep the 
charged particles in the ion trap. 

[069] This and other aspects of the invention may include one or more of the 
following features. 

[070] The charged particles have velocities that vary according to a predetermined 
function of time. 

[071] The signal generator scans the frequency of the time-varying control signal 
based on the predetermined function of time. 

[072] In general, in another aspect, the invention features an apparatus that includes a 
mass selection device that selectively ejects ions based on mass-to-charge ratios of the 
ions, an ion trap that collects the ions ejected from the mass selection device, a detector to 
detect light emitted from the ions in the ion trap to generate a detection signal, and a data 
processor to correlate the detection signal with characteristics of the mass selection 
device to determine a mass spectrum on the ions in the ion trap. 

[073] This and other aspects of the invention may include one or more of the 
following features. 
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[074] In general, in another aspect, the invention features an apparatus that includes 
an ion trap to reduce speeds of charged particles selectively ejected from a mass selection 
device, and a detector to detect fluorescence induced by a laser and emitted from the 
charged particles. 

[075] This and other aspects of the invention may include one or more of the 
following features. 

[076] The ions are either inherently fluorescent or are tagged with molecules that are 
fluorescent. 

[077] The charged particles are selectively dumped from the ion trap that reduced the 
speeds of the charged particles. 

[078] The dumping of the charged particles from the ion trap is selected so that the 
fluorescence that is detected between two dumps represents an amount of charged 
particles having mass-to-charge ratios with a particular range. 

[079] In general, in another aspect, the invention features an apparatus that includes 
an ion trap to receive charged particles, a first signal generator to generate a time- varying 
voltage signal that is applied to the ion trap to create a time-varying electromagnetic field 
in the ion trap, and a second signal generator to generate a dumping voltage signal that is 
selectively applied to the ion trap, the dumping voltage signal having a polarity based on 
a polarity of the charges of the charged particles, the dumping voltage signal causing the 
charged particles to be ejected from the ion trap. 

[080] This and other aspects of the invention may include one or more of the 
following features. 

[081] The dumping voltage signal includes a direct-current voltage signal. 

[082] The first signal generator selectively turns off the time-varying voltage signal 
when the dumping voltage signal is applied to the ion trap. 

[083] Other features and advantages of the invention are apparent from the following 
description, and from the claims. 
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Description of Drawings 

[084] FIG. 1 shows a nanoparticle ion detector. 

[085] FIG. 2 shows a mass spectrometry system that includes the ion detector. 

[086] FIGs. 3 and 4 show a dual ion trap mass spectrometry system. 

[087] FIG. 5 shows timing diagrams. 

[088] FIGs. 6A and 6B show signals from a photo detector. 

[089] FIGs. 7A to 9 show mass spectra of particles. 

Description 

Nanoparticle Ion Detector 

[090] Referring to FIG. 1, a nano-particle ion detector 60 detects charged particles 54 
traveling along a path 62. Detector 60 includes an ion trap 104, a function generator 178, 
a laser generator 58, and a photodetector 56. Function generator 178 generates a time- 
varying voltage signal 177 that is applied to the ion trap 104 to produce a time- varying 
electromagnetic field that traps the charged particles 54. A laser beam 150 (generated by 
the laser generator 58) is directed toward the particles to induce fluorescence, which is 
detected by a photodetector 56 to generate a detection signal 52. 

[091] Referring to FIG. 2, in one example, the nanoparticle ion detector 60 is used 
with a mass selection device 50 and a computer 151 to form a mass spectrometry system 
100. Mass selection device 50 ejects the charged particles 54 based on their mass-to- 
charge (m/z) ratios. Device 50 is triggered by the computer 151, which correlates the 
detection signal 52 with characteristics of the mass selection device 50 to determine a 
mass spectrum of the charged particles detected by the ion detector 60. 

[092] Particles ejected from the mass selection device 50 may have high speeds and 
may be difficult to detect. Ion trap 104 reduces the speeds of the particles and focuses the 
particles near the center of the ion trap 104 so that there is sufficient time for the 
particles to interact with the laser beam 150 to produce sufficient fluorescence that can be 
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detected by the photodetector 56. In one example, the mass selection device 50 is 
designed so that mass-to-charge ratio of an ejected particle is a predefined function of 
time. Detecting the presence of the charged particles (by detecting fluorescence emitted 
from the particles) at different time periods provides information on the mass spectrum of 
the particles. By using the laser beam 150 to induce the particles to emit fluorescence, 
the nanoparticle ion detector 60 can detect particles having dimensions smaller than the 
wavelength of the laser beam 150. For example, the particles can be as small as a few 
nanometers. The nano-particle ion detector 60 can also be used to detect larger particles, 
such as particles having dimensions as large as 1 mm. 

Dual Ion-Trap Mass Spectrometry System 

[093] Referring to FIGs. 3 and 4, in one example, the mass spectrometry system 100 
is a dual ion trap mass spectrometry system in which mass selection device 50 includes 
an ion trap 102. Ion trap 102 of the mass selection device 50 will be referred to as the 
first ion trap 102, and the ion trap 104 of the nano-particle ion detector 98 will be referred 
to as the second ion trap 104. Laser beam 150 is directed towards the charged particles in 
the second ion trap 104 to induce fluorescence, and a cooled photomultiplier tube 106 is 
used to detect the fluorescence. 

[094] Charged particles are periodically ejected from the second ion trap 104 at 
predetermined time intervals so that the amount of fluorescence detected during each 
interval is approximately proportional to the number of particles having a certain 
mass/charge ratio. A mass spectrum of the particles collected by the second ion trap 104 
is obtained by comparing the fluorescence intensity detected by the photomultiplier tube 
106 over a measurement period with known ion ejection characteristics of the first ion 
trap 102 over the measurement period. 

[095] FIGs. 3 and 4 show different views of the dual ion trap mass spectrometry 
system 100. In FIG. 3, a laser beam 121 enters the first ion trap 102 along a direction that 
is parallel to the plane of FIG. 3, and the laser beam 150 enters the second ion trap 104 
along a direction that is perpendicular to the plane of FIG. 3. In FIG. 4, the laser beam 
121 enters the first ion trap 102 along a direction that is perpendicular to the plane of 
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FIG. 4, and the laser beam 150 enters the second ion trap along a direction that is parallel 
to the plane of FIG. 4. 

[096] The first and second ion traps 102 and 104 are mounted in a chamber 132 (FIG. 
4). The first ion trap 102 can be, for example, a quadrupole ion trap, which includes a 
central, hyperbolic cross-section ring electrode 108 located between a first hyperbolic 
end-cap electrode 110 and a second hyperbolic end-cap electrode 112. Ring electrode 
108 has holes 120 and 122 diametrically opposite to each other. 

[097] The dual ion trap mass spectrometer 100 can be used to measure particles 
having a wide range of sizes, including particles having dimensions greater than 10 nm, 

particles having masses greater than 10 6 Dalton, and particles having mass/charge ratios 

greater than 10 6 . The charged particles can be inherently fluorescent (i.e., the particles 

themselves can emit fluorescence), or can be tagged with dye molecules that are 
fluorescent. 

[098] In one implementation, charged particles are generated in the first ion trap 102 
using matrix-assisted laser desorption and ionization (MALDI). A stainless steel sample 
holder 126 holds a sample 180, which can be a matrix containing particles to be analyzed. 
A laser beam 121 passes through holes 120 and 122 to cause desorption and ionization of 
the particles, which subsequently enter into the first ion trap 102 through hole 122. 

[099] Charged particles are confined in the first ion trap 102 by applying a first trap 

driving signal 142 having a frequency Q j and an amplitude V ac i to the ring electrode 

108, with the end-cap electrodes 1 10 and 112 connected to a ground reference voltage. A 
function generator 146 outputs a frequency sweep signal 148, which is amplified by a 
power amplifier 144 to form the first trap driving signal 142. Function generator 146 
sweeps the frequency of the first trap driving signal 142 over a range of frequencies 
based on the range of mass-to-charge ratios of the particles to be analyzed. 

[0100] A computer 151 sends a trigger signal 152 to trigger the function generator 
146 to start a frequency sweep. As the frequency 0 1 is scanned from, e.g., a higher 
frequency to a lower frequency (such as from 30 kHz to 200 Hz for particles having sizes 
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ranging from 10 nm to 100 nm), the motions of charged particles having a succession of 
different mass-to-charge ratios become unstable and are ejected from the first ion trap 
102 through a hole 124 of end-cap electrode 1 12. For a given geometry of the first ion 

trap 102 and a fixed voltage V ac i, the mass-to-charge ratio of the ions ejected from the 
first ion trap is a function of the frequency Q j. 

[0101] In general, a dimensionless parameter, called the "trap parameter" q z , can be 
used to characterize the stability of the motion of a charged particle inside an ion trap: 

q z = 4VaC 2 2 ■ (Equ.l) 
(mlz)r^Qr 

where V ac is amplitude of the trap driving signal (e.g., signal 142), tq is the distance from 
the center of the ion trap to the surface of the ring electrode (e.g., 108), and Q is the 
frequency of the trap driving signal. When q z > 0.908, the ion becomes unstable and is 
ejected out of the ion trap. Thus, particles of a given mass-to-charge ratio become 
unstable when V ac / Q 2 reaches a certain value. If the voltage V ac is fixed, the frequency 
Q determines the mass-to-charge ratio of the particles to be ejected. 

[0102] Using Equ. 1, the mass-to-charge ratio (m/z) of a particle collected by the 
second ion trap 104 can be determined from parameters of the first trap driving signal 

142 (i.e., V ac , ro, and Q), assuming q z = 0.908. 

[0103] Similar to the first ion trap 102, the second ion trap 104 can be, for example, a 
quadrupole ion trap, which has a central, hyperbolic cross-section, ring electrode 1 14 
located between a first hyperbolic end-cap electrode 116 and a second hyperbolic end-cap 
electrode 118. End-cap electrode 116 has a hole 128 to allow ions ejected from the first 
ion trap 102 to enter the second ion trap 104. A second trap driving signal 176 having a 

frequency fi 2 an d an amplitude V ac> 2 is applied to the ring electrode 1 14, and end-cap 
electrode 1 16 is grounded. End-cap electrode 1 18 is connected to a dumping signal 
generator 179, which will be described in more detail below. The particles are dumped 



- 14- 



Attorney Docket: 08919-109001 / 07 A-920505 

from the second ion trap periodically (as described in more detail below) by applying a 
DC potential to the end-cap electrode 118 periodically. 

[0104] The second trap driving signal 176 is generated by a function generator 178 
and amplified by a power amplifier 180. Function generator 178 is controlled by 
computer 151. The frequency and amplitude of the second trap driving signal 176 are 
selected so that the ions ejected from the first ion trap 102 that are within the mass-to- 
charge ratio range sought to be analyzed are confined in the second ion trap 104. 

[0105] The efficiency of the second ion trap 104 in trapping externally injected 
charged particles (which can be atomic or molecular particles) depends on the q z values 

of the ions entering the second ion trap 104. A trap ejection parameter q e j e ct IS use d to 

represent the value of the trap parameter of a charged particle when the particle is ejected 
from an ion trap. When a particle ejected from the first ion trap 102 is trapped by the 

second ion trap 104, the trap ejection parameter q e ject,l> computed with respect to a 

particle ejected from the first ion trap 102, is approximately equal to the trap parameter 

q Zj 2, computed with respect to a particle confined in the second ion trap 104. When the 

dimensions (e.g., ro) of the first and second ion traps are the same, based on Equ. 1, the 

relationship between q Z 2 and q e ject,l can be expressed as 

Q l V ac,2 - ^ 

?z,2 * Reject, \ \ • (Equ. 2) 

The trap driving voltages and frequencies of the first and second ion traps are selected so 
that q z> 2 is less than 0.908, so that ions ejected from the first ion trap 102 can enter and 
remain inside the second ion trap 104. 

[0106] As the first driving voltage signal is swept over a range of frequency, the 
value # z? 2 changes. One way to keep q z ^ substantially constant over the range of the 
frequency sweep is to sweep the frequency of the second trap simultaneously with the 
frequency of the first trap so that the trap parameter q z 2 remains substantially constant. 
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This can be achieved by using the computer 151 to synchronize the frequency sweeps of 
the first and second ion traps. In one example, the frequency sweeps of the first and 

second trap driving signals are synchronized to maintain O2/0 1 ~3 and = V ac ^ so 
that q Zi 2 during the frequency sweep. 

[0107] A laser induced fluorescence method is used to detect the charged particles in 
the second ion trap 104. A laser beam 150 is directed through a hole 153 in ring 
electrode 1 14 towards the center of the second ion trap 104 where the charged particles 
are concentrated. Due to excitation from laser beam 150, the particles (or the dye 
molecules on the particles) become fluorescent and emit photons that pass through a hole 
130 in end-cap electrode 118. Photons from the fluorescence are focused by a lens 
system 136 and detected by photomultiplier tube 106. Signals representing detected 
photons are amplified by a fast pre-amplifier 162 and counted by a photon counter 164. 
The count value from the photon counter 164 is sent to the computer 151 for further 
processing. 

[0108] The photomultiplier tube 106 detects fluorescent light emitted from the 
charged particles, rather than light scattered from the particles. This allows the 
nanoparticle ion detector 60 to detect nanoparticles that have dimensions much smaller 
than the wavelength of the laser beam 150. If scattered light were used, the particles 
would have to have dimensions comparable to the wavelengths of the laser beam 150. 

[0109] Because the second ion trap 104 collects nanoparticles near the center of the 
ion trap, a laser beam having a small cross section can accurately interrogate the 
nanoparticles. Because nanoparticles are small, the laser beam interrogating the 
nanoparticles needs to have sufficient intensity to induce fluorescence of sufficient 
intensity that can be detected by the photomultiplier tube. A laser source with a smaller 
power can be used by focusing the laser beam to have a smaller cross section and higher 
power. Without the second ion trap 104, the nanoparticles would spread out, and a laser 
beam with a larger cross section would be required, which would require a laser source 
with a higher power to induce fluorescence with sufficient intensity. 

Damping and Dumping 
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[0110] The space 160 in the second ion trap 104 is filled with a buffer gas (e.g., He) 
to slow the injected particles and confine them in the center of the second ion trap 104 so 
that the particles can be interrogated by the focused laser beam 150. The period between 
the time that a particle enters the second ion trap 104 through hole 128 and the time that 
the particle settles near the center of the second ion trap 104 is referred to as the damping 
time. Reducing the damping time increases the signal-to-noise ratio as well as the mass 
resolution of the mass spectrum detected using the laser induced fluorescence method. 

[0111] The charged particles are periodically ejected (or dumped) from the second 
ion trap 104 so that the count generated by the photon counter 164 for each mass-to- 
charge ratio is roughly proportional to the number of particles inside the second ion trap 
104. If the particles are not ejected periodically, a particle that entered trap 104 would 
continuously emit photons and be counted multiple times. To eject the particles, the 
second trap driving signal 176 is temporarily turned off, and the DC dumping signal 
generator 179 generates a DC dumping signal 181 that is applied to the end-cap electrode 
1 18 to induce the charged particles to exit the second ion trap 104 through hole 130. The 
polarity of the DC dumping signal 181 depends on the polarity of the charged particles. 
If the particles have positive charges, then the DC dumping signal 181 has a negative 
voltage, and vice versa. 

[0112] Photon counter 164 counts the number of photons detected by photomultiplier 
tube 106 during a gate time (or gate period), and resets the counter during a dwell time 
(or dwell period). The second ion trap 104 is operated so that the dumping of particles in 
the second ion trap 104 coincides with the dwell time. By correlating the fluorescence 
intensity during a given measurement interval (represented by the count value) with the 
mass-to-charge ratio determined from Equ. 1 (which depends on the frequency of the trap 
driving signal at the given time), the amount of particles collected by the second ion trap 
104 having a particular mass-to-charge ratio can be determined. This computation is 
performed in the computer 151. FIGs. 7A to 9 show examples of mass spectra obtained 
in this way. 

[0113] The duration of the gate time and dwell time that are suitable for measuring a 
mass spectrum of a particular type of particles are determined as follows. The damping 
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time of the particles in the second ion trap 104 is first determined by scanning the 
frequency of the first trap driving signal 142 to eject the particles to be analyzed, and 
counting the photons detected by photomultiplier tube 106. The count value will rise 
rapidly during a short period (which is called the rise time) and decay slowly afterwards. 
The rise time represents the damping time of the particles because the fluorescence grows 
stronger as more particles settle near the center of the second ion trap 104. The 
fluorescence peaks at a certain value when most of the particles are settled near the center 
of trap 104. 

[0114] The damping time is affected by collisions between the charged particles and 
the buffer gas molecules in the second ion trap 104. The damping time is also affected by 
space charge effects, which means that, due to repulsion of charges particles, confining a 
larger number of charged particles near the center of trap 104 would take a longer time 
than confining a smaller number of charged particles. Reducing the trap driving voltage 
tends to increase the damping time because, when the trap driving voltage is decreased, 
the particles distribute themselves over a larger volume in space and take a longer time to 
settle. Since a lower damping time is preferred, it would be better to use a higher trap 

driving voltage for the second ion trap. As can be seen from Equ. 2, however, V ac> 2 

cannot be selected to be so high that q Zj 2 is greater than 0.908, which would cause the 

particles in the second ion trap 104 to be unstable and be ejected from the second ion trap 
104. The amplitudes and frequencies of the first and second trap driving signals are 

selected so that q z 2 remains less than 0.908. 

[0115] Referring to FIG. 5, a graph 170 shows timing diagrams of various signals of 
system 100. Timing diagrams 224, 226, 172, 234, and 236 show the waveforms of the 
trigger signal 152, the frequency sweep signal 148, the DC dumping signal 181 (which 
includes periodic voltage pulses 232), the on-off times of the second trap driving signal 
176, and the counting of photons from laser induced fluorescence, respectively. 

[01 16] In diagram 226, the vertical axis represents voltage amplitude. In diagram 
236, a high (238) indicates a period when the photons emitted from particles in the 
second ion tap 104 are counted by photon counter 164, and a low (240) indicates a period 
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when the counter is being reset and is not counting. The count values generated by 
photon counter 164 can be used to construct a mass spectrum 178 of the charged 
particles. 

[0117] At time tl, the trigger signal 152 goes high (250) and triggers the frequency 
sweep signal 148. The DC dumping signal 181 is low (220), and the second trap driving 
signal 176 is turned on (222). This allows charged particles to accumulate inside the 
second ion trap 104. Photon counter 164 starts counting (238) photons from laser 
induced fluorescence. 

[0118] At time t2 (where the period from tl to t2 is the gate period of photon counter 
164), the second trap driving signal 176 is turned off, and the DC dumping signal 181 is 
turned on. This causes the charged particles to be dumped from the second ion trap 104. 

[0119] At time t3 (where the period from t2 to t3 is the dwell period of photon 
counter 164), the DC dumping signal 172 is turned off, and the second trap driving signal 
176 is turned on. This causes charged particles of a different mass-to-charge ratio to start 
accumulating in second ion trap 104. 

[0120] At time t4 (where the period from t3 to t4 is the gate time), the second trap 
driving signal 176 is turned off, and the DC dumping signal 172 is turned on. This 
causes the charged particles to be dumped from second ion trap 104, and so forth. 

[0121] During the period tl to t2, the charged particles that are accumulated in the 
second ion trap 104 have mass-to-charge ratios that correspond to the frequency of sweep 
signal 148 (see Equ. 1). The count value generated by photon counter 164 at time t2 
roughly corresponds to the number of charged particles having a mass-to-charge ratio that 
is a function of the average frequency during the period from tl to t2. 

[0122] At time t3, the charged particles accumulated in second ion trap 104 during 
the period tl to t2 have mostly been dumped. Thus, the count value generated by photon 
counter 164 at time t4 roughly corresponds to the number of charged particles having a 
mass-to-charge ratio that is a function of the average frequency between time t3 and t4. 
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[0123] As the first trap driving signal 142 is swept from a higher frequency (228) to a 
lower frequency (230), charged particles having different mass-to-charge ratios are 
selectively ejected from the first ion trap 102 (particles having smaller mass-to-charge 
ratios are ejected earlier, and particles having larger mass-to-charge ratios are ejected 
later). The photon counts accumulated by photon counter 164 as of the end of each gate 
time are used to generate a mass spectrum of the charged particles, as shown in diagram 
178. 

Implementation of the Dual Ion Trap Mass Spectrometry System 

[0124] In one implementation, the first ion trap 102 and the second ion trap 104 are 
Paul traps from R. M. Jordan Company, Grass Valley, California. Both the first and the 

second ion traps have dimensions ro = 10 mm and zq = 7.07 mm, where tq is the radius of 

the ring electrode 108 (i.e., the distance between the center of the ion trap and the inner 

surface of the ring electrode), and zq is one-half the distance between the center of the 

end-cap electrodes 110 and 112. The first and second ion traps are separated by a 2-mm- 
thick Teflon insulator 242 with a circular aperture of 30 mm in diameter. Six holes were 
drilled in each ion trap (two on the end-cap electrodes and four on the ring electrode) for 
introduction of charged particles, entry of the MALDI laser beam 121, entry and exit of 
the probe laser beam 150, and collection of fluorescence. The holes in the first ion trap 
102 have diameters equal to 3.1 mm. The holes on the end-cap and ring electrodes of the 
second ion trap 104 are 3.1 and 3.8 mm, respectively. 

[0125] A Roots mechanical pump (not shown in the figure) is used to evacuate the 
vacuum chamber 132 to a base pressure of less than 1 mTorr. Helium gas is introduced 
into chamber 132 at a steady-state pressure p ~ 50 mTorr. 

[0126] Laser beam 121 is a pulsed laser having an energy of 5 mJ/pulse and a 
wavelength of 355 nm, and is generated by a frequency-tripled Nd:YAG laser 138 (model 
Surelite™, from Continuum®, Santa Clara, California). Laser beam 121 is focused with 
a lens 140 having a focal length f = 0.5 m, producing a spot size of about 1 mm in 
diameter on the sample 180. Function generator 146 is model DS345 Function & 
Arbitrary Waveform Generator, from Standard Research Systems, Sunnyvale, California, 
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and is controlled by a data acquisition program, Labview, from National Instruments, 
Austin, Texas, running on computer 151. 

[0127] Laser beam 150 has a wavelength of 488 nm, and is generated by an argon ion 
laser 154 (model Innova 90C, from Coherent Inc., Santa Clara, California) having an 
operating power of 400 to 600 mW. Laser beam 150 is focused by a lens 156 having a 
focal length /= 1 m, passes through light baffles 158 and a hole 153 on ring electrode 1 14 
to form a spot size of approximately 200 |im in the trap center. Fluorescence emitted 
from the charged particles is focused by lens system 136, which has an f-number equal to 
3 and a focal length f = 38 mm. Photomultiplier tube 106 is a thermoelectrically cooled 
photomultiplier tube, model R943-02, from Hamamatsu Corporation, Bridgewater, New 
Jersey. Photon counter 164 is model SR400, from Stanford Research Systems. 

[0128] As examples to show features and operations of system 100, yellow-green 
fluorescently labeled polystyrene beads (FluoSpheres, from Molecular Probes, Eugene, 
Oregon) were analyzed. In one measurement, the polystyrene beads have sizes 27 ± 4 
nm. In another measurement, the polystyrene beads have sizes 1 10 ± 8 nm. The 27 nm 
and 1 10 nm beads contain about 180 and 7400 fluorescein dye equivalents, respectively. 
The beads absorb light having a wavelength of 490 nm and emit light having a 
wavelength of 515 nm, with a quantum yield of about 30%. 

[0129] To prepare the sample for MALDI, a solution containing the polystyrene 
beads was diluted with de-ionized water to a concentration on the order of 10 13 
particles/cm 3 . Equal volumes of the sample (i.e., the diluted solution containing the 
polystyrene beads) and the matrix (which is a saturated solution of 3-hydroxypicolinic 
acid in 70/30 (v/v) acetonitrile/water solution) are combined and deposited on the sample 
holder 126. The sample holder 126 is mounted on the ring electrode 108 and fit into an 
upper ring electrode hole of the first ion trap 102. 

[0130] The inner space of both the first and second ion traps are filled with He buffer 
gas having a pressure of/? = 50 mTorr. The He buffer gas in the first ion trap 102 assists 
trapping of the MALDI-generated charged particles. The He buffer gas in the second ion 
trap 104 assists trapping of the particles ejected from the first ion trap 102. 
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[0131] A channeltron 111, model H-305A, from De-Tech, is used for calibration of 
the first ion trap 102. The channeltron is operated at a voltage of -2350 V, and a 
deflection plate floated at -350 V is used to improve detection efficiency. 

[0132] To acquire the mass spectra of 27 nm sized polystyrene beads, the first ion 
trap 102 is operated in an axial mass-selective instability mode by scanning the trap 

driving frequency (Q \/2ir) from 6k Hz to 500 Hz, at a constant amplitude (F ac i) of 200 

V. This frequency scan mode avoided undesirable arcing among the three electrodes 
(ring electrode and end-cap electrodes) in the presence of the high-pressure buffer gas. 

[0133] Before actually acquiring the mass spectra of the 27 nm polystyrene particles, 
measurements are made to determine the damping time of the 27 nm particles in the 
second ion trap 104. The first trap driving signal frequency Q i/27rwas scanned from 6.0 
kHz to 0.5 kHz in 200 ms to eject the 27 nm particles. The fluorescence signal detected 
by the photomultiplier tube 106 is shown in FIGs. 6A to 6B. 

[0134] In each of FIGs. 6A to 6B, the second trap 104 was operated with a trap 
driving frequency Q 2 /27r = 6.0 kHz. The particles were ejected from the first ion trap 102 
in 500 ms at a He buffer gas pressure of 50 mTorr. In FIGs. 6A and 6B, the second trap 

driving voltages were V ac? 2 = 160 V and V aCj 2 = 60 V, respectively. Comparing FIGs. 
6A and 6B, the rise time increased as the amplitude of the trap driving voltage decreased, 
from T d « 0.2 second (in FIG. 6A) to r d « 1.0 second (in FIG. 6B). Based on this result, a 
gate time of 200 ms in photon counting was chosen for data acquisition of the mass 
spectra of the 27 nm polystyrene particles, with the second trap driving voltage 

V ac ,2 = 160V. 

[0135] The dumping time was selected to be 2 ms, and the DC dumping signal was 
selected to be -100 V. This is sufficient to cause most of the charged particles 
accumulated in the second ion trap 104 to be ejected from the second ion trap so as to 
prevent particle accumulation. 

[0136] FIG. 7A shows a single-scan mass spectrum 200 of the 27 nm polystyrene 
beads, which have a mean molecular mass of 6.5 MDa. A single-scan mass spectrum 
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means that the mass spectrum was determined from measurements obtained from a single 
frequency sweep of the first trap driving signal 142. Irregular features are seen to spread 

over a range mlz = 2 x 10 6 to 9 x 10 6 

[0137] FIG. 7B shows a mass spectrum 202 obtained by accumulating the results 
from ten single-scan mass spectra. The mass spectrum 202 has a profile that is smoother 
than the mass spectrum 200. The majority of the features in mass spectrum 202 are 

centered around mlz » 6.5 x 10 6 , suggesting that the spectrum mostly represents singly 

charged particles. Based on previous measurements for 1 jam particles, the mass 
spectrum was calibrated using the point of ejection, tf C ject,i —0.95 (rather than 0.908). 

[0138] In both FIGs. 7A and 7B, the second trap driving signal 176 has a frequency 
fixed atQ 2 /27r=6.0 kHz. 

[0139] FIG. 7C shows a mass spectrum 204, also obtained by accumulating the 
results from ten single-scan mass spectra. For mass spectrum 204, the frequency Q^it 
of the second trap driving signal 176 is scanned simultaneously with the first trap driving 
signal 142 ( Q \I2^ is scanned from 6.0 kHz to 0.5 kHz, and 122 = 1), resulting in a 

substantially constant trap parameter q z ^ «0.1. Comparing mass spectrum 204 with 

mass spectrum 202, the features of mass spectrum 204 is seen to shift to the lower mlz 
region. This shows that there are more doubly charged particles captured by the second 
ion trap 104 under the dynamic trapping condition (i.e., where the frequency of the 
second trap driving signal is also scanned) than the static trapping condition (i.e., where 
the second tap driving signal has a fixed frequency). 

[0140] FIG. 8 A shows a single-scan mass spectrum 210 of 1 10 nm particles that was 
acquired by sweeping the frequency of the first trap driving signal O \/2ic from 1 .0 kHz to 

0.2 kHz at F aC) i = 200 V. This trap driving signal causes particles with mlz in the range 

of 48 x 10 6 to 1200 x 10 6 to be ejected from the first ion trap 102. The 1 10 nm 
fluorescent spheres have a mean mass of 440 MDa, and a mass distribution of 350 to 543 
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MDa, due to size variations of ±8 run. This suggests a mlz range of (350 - 543) x 10 6 to 
(58 - 91) x 10 6 for particles carrying 1 to 6 electric charges. 

[0141] FIG. 8B shows a mass spectrum 212 obtained by accumulating the results 
from one hundred single-scan mass spectra. Mass spectrum 212 shows features from 
multiple charged particles. A comparison of mass spectra 212 and 204 (FIG. 7C) 
indicates that the 1 10 nm particles carry approximately twice the amount of the charges 
carried by the 27 nm particles. 

[0142] It is estimated that for particles generated by MALDI and trapped in the first 
ion trap 102, roughly 10% of them will enter the second ion trap 104 upon the mass- 
selective axial ejection. This is because (1) equal portions of the particles are being 
ejected from the two end-cap electrodes of the first ion trap 102, (2) some of the ejected 
particles are lost during the particle transport from the first ion trap 102 to the second ion 
trap 104, and (3) a portion of the ejected particles cannot be captured by the second ion 
trap 104 due to phase mismatch. If there are initially 1000 charged particles in the first 
ion trap 102, about 100 charged particles would be detected using laser induced 
fluorescence method in the second ion trap 104 over the entire range of the frequency 
scan. The low particle density may explain why the spectra in FIGs. 7A to 8B have well- 
separated peaks (e.g., 214, 216), rather than having smooth continuous curves. 

[0143] It is likely that the sharp and well-separated features (e.g., 214, 216) in FIG. 
8 A are derived from the individual 1 10 nm particles because each particle (FluoSphere) 
contains about 7400 fluorescein dye equivalents and can be easily detected. It is possible 
that particles fluorescently labeled with 10 fluorescein molecules or less can be detected 
using the process described above. Because particles of any size can be tagged with dye 
molecules, the spectral analysis range of the dual ion trap mass spectrometry system 100 
is large. 

[0144] The mass spectrometry system 100 can perform mass analysis of large 
biomolecules or bio-particles. As an example, system 100 was used to detect 
fluorescently labeled IgG (goat anti-mouse antibody), obtained from Molecular Probes. 
Each IgG was tagged with an average of 6.2 Alexa Fluor 488 dye molecules (having a 



-24- 



Attorney Docket: 08919-109001 / 07 A-920505 

mass of 643 Da), thereby having a total mass of about 150 kDa. The Alex Fluor 488 dye, 
which is spectrally similar to fluorescein, has absorption and emission maxima at 497 nm 
and 518 nm, respectively. The same lasers and light collection systems used for the 
27-nm polystyrene spheres were used to measure the mass spectrum of the dye-labeled 
IgG molecules. 

[0145] In the measurement of IgG, the gate time was selected to be 20 ms. The 
voltage of the DC dumping signal applied to the exit end-cap of the second ion trap 104 
was -200 V. A single frequency sweep having 500 data points was completed in 1 1 
seconds. Sinapinic acid was used as the laser desorption/ionization matrix. 

[0146] FIG. 9 shows a mass spectrum for the fluorescent IgG molecules. The mass 
spectrum was obtained by sweeping the driving frequency (Q\/2n) of the first ion trap 

102 from 40 kHz to 5 kHz at F aCj i = 200 V, with the second ion trap 104 operating in a 

dynamic trapping mode (i.e., the frequency of the second trap driving signal 176 is 

scanned simultaneously with the first trap driving signal 142), with Q2 = 3Q ? and 

V ac 2 = 160V. The laser power used to excite the dye molecules tagged on the IgG was 

1.5 W and the damping time was 20 ms. A mass resolution of m/Am = 5 was achieved by 
accumulating data from 1 scan for singly charged IgG molecule at mlz -1.5 * 10 5 with a 
signal-to-noise ratio greater than 10. 

[0147] The mass spectrometry system 100 can be used to analyze large biological 
particles, such as viruses and other complex biomolecular assemblies. Such applications 
are practical since dye labeling has been routinely used in life science research. Prior to 
mass spectrometric analysis, the extent of dye labeling are quantified (i.e., the mass of the 
dye molecules on each particle are determined) by optical detection of the amount of dye 
molecules attached to the bio-particles. System 100 has an advantage that it does not 
require the particles to carry multiple charges for detection, even for large molecules. 

[0148] Other embodiments are within the scope of the following claims. 

[0149] For example, in FIG. 3, a DC dumping signal 182 (not shown) can be applied 
to the end-cap electrode 1 16 simultaneously with the application of signal 181 to 
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electrode 118, the polarity of signal 181 being opposite to that of signal 182. This 
enhances the DC field that induces the particles to leave ion trap 104. The ions in the first 
ion trap 102 can be generated using electro-ionization (electrospray), or photospray 
methods. 

[0150] The mass spectra shown in FIGs. 7 A to 9 were acquired by sweeping the first 
trap driving frequency linearly at a low voltage (200 V) to avoid arcing of the electrodes 
in the presence of high-pressure (50 mTorr) He buffer gas. A nonlinear sweep of the 
frequency controlled by software running on computer 151 can be implemented to obtain 
a linear mass spectrum. 

[0151] In one implementation, the first ion trap 102 is operated under the mass- 
selective instability mode by scanning the amplitude of the trap driving voltage with an 
AC voltage applied across the two end-cap electrodes. A differentially pumped region is 
established between the first and second ion traps. A He gas pulse is applied to the first 
ion trap to facilitate storage of particles in the first ion trap, and a steady flow of He 
buffer gas is maintained in the second ion trap 104 for damping purposes. 

[0152] The detection sensitivity of spectrometer 100 can be increased by increasing 
the light collection efficiency using a lens system with an f-number equal to 1 . The 
sensitivity can be further increased by using a more open trapping device to reduce the 
level of the background scattered laser light. A blue diode laser or a high-power LED 
(X= 473 nm) may substitute the Ar ion laser 154 as the light source to reduce cost. 
Sample-specific dye-labeling techniques can be used to differentiate nanoparticles among 
different samples through multicolor fluorescence spectroscopy with the aid of laser 
diodes. 
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